About 13% of the deoxyribonucleic acid (DNA) of various strains of Bacillus subtilis, independent of the stage of growth or competence for transformation, was rendered acid soluble by endonuclease S1. In a pH 11.2 CsCl gradient, 4% of the untreated DNA banded at the density typical for single-stranded molecules, whereas 9% of the remaining DNA (main band) was sensitive to endonuclease S1. Selective inhibition of DNA polymerase III, or of DNA-dependent ribonucleic acid polymerase, did not increase or abolish single-strandedness. The DNA purification procedure did affect the level of single-stranded DNA, indicating its binding to cell constituents containing ribonucleic acid, protein, and membranous material. The molecular weight of the single-stranded fraction resembled that of total denatured DNA, and its buoyant density in an alkaline CsCl gradient was centered partially at a density of 1.772 g/cm3 and partially at a density of 1.759 g/ cm3. Incubation of DNA under conditions leading to renaturation of its singlestranded fraction led to an increase in transforming activity for the purA16" marker (close to the origin of replication) relative to leu-8+ and metC3+ markers (located in the middle of the chromosome), indicating this region is the main source of the single-stranded fraction.
Single-stranded fractions have been detected in double-stranded, so-called native DNAs isolated from viruses, bacteria and animal cells. Different investigators ascribe the source of single-stranded chromosomal DNA fragments to DNA replication, recombination, or transcription processes (reviewed in reference 21). However, neither the origin nor the role of this fraction has been conclusively elucidated. There is even some doubt as to whether single-stranded DNA exists in vivo or is merely an artifact of DNA isolation procedures (19, 20, 31) . This is underlined by the discrepancies in results of different investigators, viz., (i) a correlation of single-strandedness with the competent state or rec-1 mutation reported by Harris and Barr (11) and LeClerc and Setlow (12) and the lack of such a correlation found by Deddish and Ravin (8) and us (23) ; (ii) the increase in single-strandedness after phenol treatment observed by Paetkau et al. (20) and us (23) , and its disappearance due to phenol treatment, as observed by Deddish and Ravin (8) ; and (ii) an increase in singlestrandedness due to inhibition of RNA synthesis by rifampin found by Deddish and Ravin (8) and a decrease found by us (see below).
Apart from the above, the proportion of sin- CsCl gradient as previously described (22) , followed by phenol treatment and dialysis. The resulting activity of the DNA was 5.9 X 101 cpm/p,g. 14C-labeled B.
subtilis DNA, for use as a position marker in CsCl gradients, was prepared in the same manner, but with omission of phenol treatment and from bacteria cultivated in a medium containing [methyl-"4C]thymidine (Amersham Corp.) added to a final activity of 60 mCi/ mmol of thymidine. The specific activity of this DNA was 6.8 x 104 cpm/pg. "C-labeled T7 DNA was isolated from phage propagated on E. coli BB in M-9 medium (2) supplemented with 5-fluorodeoxyuridine and [methyl-'4C]thymidine to 30 mCi/mmol in a manner analogous to that previously described for preparation of labeled T6 DNA (24 Cahn and Fox (6) , with addition to the media of adenine, leucine, and methionine to 50 pug/ml and cultivation to the density of about 108 cells per ml. For transformation, the recipient culture was exposed to DNA for 20 min at 37°C, followed by 20 ug of DNase I (Worthington Diagnostics) per ml. At the peak of competence, yields of transformants, with saturating DNA concentrations (1 to 2 pg/ml), were as follows: 0.5 to 1% for the ade+ marker, 0.2 to 0.4% for the leu+ marker, and 0.2 to 0.4% for the met' marker. Transforming activity of DNA of purified lysates was measured at a concentration corresponding to the linear region of the dose-response curve (0.1 to 0.5 pug/ml).
Endonuclease S1 assay for single-stranded DNA. The endonuclease Si assay was performed at the minimal concentration of the enzyme which digested 97% of heat-denatured B. subtilu DNA under conditions described by Vogt (30 for solubilization. Trichloroacetic acid-soluble radioactivity was the difference in counts per minute of samples with and without endonuclease S1 and related to the total radioactivity counted in five samples of DNA solution. The counts in non-precipitated lysate were corrected by the addition of 9% because of quenching. In some experiments (noted below), acidinsoluble radioactivity after endonuclease Si digestion was measured by spotting samples on Whatman GF/ C filter paper disks and precipitating with trichloroacetic acid as previously described (23) . This assay was used only occasionally because of precipitation of endonuclease Si digestion products with the enzyme in the reaction mixture.
Radioactive counting. Radioactive counting was performed as previously described (24) . Thermal denaturation of DNA and CsCl pH 8.0 and pH 11.2 density gradient fractionations. Thermal denaturation and density gradient fractionations were done as previously described (26 
RESULTS
The single-stranded fraction of native B. subtilis DNA was determined by digestion with endonuclease Si, the enzyme specific for denatured molecules (9) , and by fractionation on CsCl density gradients at pH 11.2, which increases resolution of native and denatured DNA (29) . The results are presented in Table 1 and Fig. 1 .
When 3H-labeled DNA of six representative purified B. subtilis 168 thy tip cell lysates was digested with endonuclease Si, 11.5 to 16.4% (mean 13.8 + 0.4%) of the radioactivity became trichloroacetic acid soluble. Under the same conditions, endonuclease S1 solubilized about 97% of denatured purified B. subtilis labeled DNA, digested separately or in the presence of purified lysate. In separate control experiments, endonuclease Si showed no activity against '4C-labeled T7 DNA, even when it was first added to B. subtilis cells and subjected to the procedure for preparation of purified lysates. This specificity was observed by measurement of the trichloroacetic acid-soluble fraction but more detailed analysis, by sedimentation on neutral and alkaline sucrose (data not shown), revealed that To determine how much of the radioactivity of our [3H]thymidine-labeled purified lysates could be ascribed to the DNA itself, treatment with alkali was used, and it showed a 3 ± 2% decrease of trichloroacetic acid-precipitable radioactivity in the sample of lysate exhibiting 12 ± 0.2% sensitivity to endonuclease Si. Furthermore, when another sample of the lysate was successively digested with DNase I, snake venom phosphodiesterase, and alkaline phosphatase, 87% of its radioactivity moved from the starting point on a paper chromatogram, and 99% of it moved to the position of thymidine, but only 1% moved to the position of uridine.
When the purified lysates of B. subtilis 168 thy trp cells were fractionated on pH 11.2 CsCl density gradients, about 4% of the DNA formed a band at a density higher than that of the main band and characteristic of denatured molecules (Fig. 1A) . This "dense" fraction decreased to 1.9 and 1.7%, and the resolution of bands was poorer when the typical procedure for preparation of lysates was slightly modified by lowering the temperature of heating with Sarkosyl from 70 to 56 or 370C (Fig. 1B and C) .
To correlate these two methods of evaluation of single-stranded DNA content, we measured DNA sensitivity to endonuclease S1 in the lysates before and after CsCl fractionation. The results presented in Table 2 show a correlation of results, but the dense band represented twoto threefold smaller amounts of DNA than that sensitive to endonuclease Si in the lysate. After collection of DNA from the CsCl gradient, in an experiment identical to that presented in Fig.  1A , the dense band was totally sensitive to endonuclease Si, and about 9% of the main band was still sensitive to the enzyme. The sum was in accord with the about 12% sensitivity to endonuclease Si found in DNA of the lysate before fractionation on a CsCl gradient.
Origin of single-stranded fraction. Sensitivity to endonuclease S1 digestion was not a characteristic only of DNA isolated from B. Dense band (Fig. 1A) 100 98.0 ± 1.8 Main band (Fig. 1A) 0 8.9 ± 0.2 a Percent of total ± standard error.
growth of the culture. After 20 and 40 min of incubation, samples were taken for preparation of purified lysates and for determination DNA sensitivity to endonuclease S1, which showed a decrease by one-third due to incubation with rifampin (Fig. 2) .
In an analogous experiment, HPUra, a specific inhibitor of DNA (Fig. 3) . Their molecular weights, relative to T7 DNA, are listed in Table 4 Buoyant densities of the same DNA samples, unfractionated and fractionated on pH 11.2 CsCl gradients, were determined in an alkaline (pH 12.7) CsCl density gradient. Differentially labeled denatured T7 DNA (p = 1.7720 g/cm3) and denatured unfractionated B. subtilis DNA (p = 1.7654 g/cm3) were used to obtain the slope of the gradient. The densities were calculated from those characteristic for native DNAs (25) by the addition of 0.062 g/cm3 due to denaturation and by full alkaline titration of molecules at pH 12.7 (29) . The results (Fig. 4) (Fig. 1) , and with different sensitivities to endonuclease Si (Table   5) , was used to transform a B. subtilis BUL717 ade leu met recipient culture.
The activity of the ade+ marker, relative to ku+ or met+, was higher in the 700C lysate than in 56 or 37°C lysates and correlated with the amount of single-stranded DNA found in the lysates (Table 5) . Furthernore, the specific activity of all markers was lower in 700C, as compared to 56°C, lysates, but this difference was less pronounced for the ade+ marker than for leu+ or met' (Table 6 ). The decrease in specific activity of DNA could be due to more frequent breakage of molecules at 700C than at 560C, with inactivation of the ade+ marker occurring to a lesser extent than inactivation of leu+ or met'. Submission of the lysate to renaturing conditions did not change its sensitivity to endonuclease S1 or the relative activities of the markers (Table 7 , no. 1 and 2). Furthermore, the specific activity of DNA in the lysate did not change after heating under renaturing conditions (data not shown). Assuming that the low concentration of single-stranded molecules accounted for the lack of renaturation, we repeated the experiment but with the addition of denatured nonlabeled DNA isolated from the recipient BUL717 strain to a 1:1 ratio with the DNA of the lysate to provoke heteroduplex formation. This led to renaturation, expressed by a dramatic decrease in sensitivity to endonuclease Si from 12 to 2%. The relative activities of the markers changed at the same time, with a twofold increase of ade+ to leu+ (or met+) and a practically unchanged ratio of met' to leu+ (Table 7, no. 3). A similar increase in relative activity of the ade+ marker was also observed when DNA of the main band, collected from a pH 11.2 CsCl gradient, was submitted to renaturing conditions in presence of BUL717 DNA. Much less pronounced was the influence of renaturing conditions on the relative activities of markers in the single-stranded band from the pH 11.2 CsCl gradient ( Table 7 , no. 6 and 7). Specific transforming activities of the ade+, leu+, and met' markers of this fraction were 2.3, 1.6, and 1.8%, respectively, of the activities of nonfractionated DNA. This is most likely due to overlapping of about 0.08% of the main band DNA with the single-stranded band containing about 4% of the resistance to alkali characteristic of DNA, and about 99% of the label of migrating products of nucleolytic digestion of the lysate migrated with thymidine on paper chromatography. In contrast to the high dose of single-strandedness detected by endonuclease Si digestion, pH 11.2 CsCl density gradient fractionation of purified lysates showed only 4% of DNA banding at the position of denatured molecules (Fig. 1A) . The results of the two methods were reconciled by the finding that the main DNA band from the gradient still conserved partial sensitivity to endonuclease Si. The sum of sensitivities to endonuclease Si in the two DNA bands corresponded to the sensitivity of the unfractionated lysate ( Table 2 ).
The specificity of our assay for the secondary structure of DNA is supported by the fact that the sensitivity to endonuclease Si decreased from 12 to 2% after incubation of purified lysate under conditions which renature DNA ( Table   7 ).
The single-stranded fraction is not dependent on the bacterial strain used (see above) or the phase of growth (23) . The use of specific inhibitors showed that the level of the single-stranded fraction of DNA was not affected by inhibition of DNA polymerase III by HPUra and decreased by one-third when elongation of RNA chains by DNA-dependent RNA polymerase was inhibited with rifampin ( Fig. 2) .
These observations, taken together, do not indicate a dynamic function of chromosomal DNA, but suggest rather some static characteristic of the chromosome as a source of most of the single-stranded fraction. If this were the case, most of the single-stranded, or potentially single-stranded, DNA should be located in a specific region(s) of the chromosome. In fact, several observations indicate binding of the single-stranded fraction to the cell membrane: its amount, dependent on concentration and temperature of heating of cell lysates with Sarkosyl and also on treatment with RNases and phenol (see above), is consistent with the known characteristics of the complex of the bacterial chromosome with cell membrane involving RNA and protein (28, 32) . Since the best documented case involves complexing of the origin of replication of the B. subtilis chromosome (13, 28) , it appeared logical to examine the single-stranded fraction for transforming activity of markers close to the origin, relative to those located approxiimately midway between the origin and the terminus. Since single-stranded DNA is normally inactive in B. subtilis transformation, but renatured DNA exhibits an activity sinilar to native molecules (1, 15) , purified lysates were subjected to renaturing conditions. Such treatment, but only in the presence of denatured DNA (unlabeled and without the investigated markers), led to a dramatic decrease in sensitivity to endonuclease Si and about a twofold increase of the purA16+ marker activity, relative to leu-8e or metC3+ markers, with unchanged relative activities of leu-8+ to metC3+. A similar result was obtained by renaturation of the main DNA band isolated after fractionation in a pH 11.2 CsCl density gradient (Table 7) . Since the purA16 marker is located close to the origin of replication and the leu-8 and metC3 are middle markers of the chromosome (10), we interpret the results obtained with unfractionated lysates and the main DNA band as showing that the single-stranded fraction derives most frequently from the region close to the origin, but does not exclude a simultaneous partial localization in regions not investigated in our assays. Furthermore, lack of renaturation in the absence of denatured DNA (Table 7) may be due to the low concentration of single-stranded molecules in purified lysates and to their poor accessibility when located in double-stranded DNA chains.
For reasons not clear, the single-stranded DNA band isolated from the gradient and submitted to renaturing conditions exhibited a smaller increase in activity, and a smaller increase in activity of thepurA16+ marker, relative to leu-84 or metC3+, than did nonfractionated DNA of the lysate or of the main DNA band isolated from the gradient (Table 7 and above) . A possible interpretation is that only a portion of the DNA in the band corresponding to singlestranded molecules exhibits the characteristics of the remainder of the single-stranded fraction in the main DNA band and that this is only partially representative of its potential transforming activity. Such an interpretation is consistent with our observation that the singlestranded fraction ofthe lysate behaves as though it originated from at least two sources, viz., a region close to the origin of replication, and regions of active transcription (about one-third of the single-stranded fraction).
The purAl6i marker appears to be more resistant to thermal inactivation at 700C (Table  5) , possibly due to protection by binding to the cell membrane.
It is pertinent to inquire whether the singlestranded fraction exists as such in vivo or is an artifact of the isolation procedure, a problem of long-standing interest (19) . Our extreme conditions for isolation of DNA employed in this study do not exceed those of the widely applied method of Marmur (14) for isolation and purification of DNA from various sources. The molecular weight of the single-stranded DNA fraction isolated on a pH 11.2 CsCl gradient was close to 4 x 106, comparable to that of unfractionated DNA after denaturation (Table 4) . Good renaturability of the entire single-stranded fraction in unfractionated cell lysates also indicates its high molecular weight. This excludes denaturation due to destabilization of the secondary structure of a particular fraction of DNA because of weak stacking forces in short paired chains, such as may arise in newly synthesized single-stranded DNA fragments (19) . The singlestrandedness of DNA increased from 4 to 12% when the temperature of heating of cell lysates was increased from 56 to 700C, but remained practically unchanged when the temperature was further increased to 750C (Table 3) . A temperature of 700C should not denature B. subtilis DNA in 0.15 M NaCl or even DNA with density of 1.697 g/cm3 (16) , the density calculated for native molecules corresponding to the portion of the single-stranded fraction forming the peak of lowest density detected in this work (Fig. 5) . Furthermore, phenol treatment was indispensable for reproducible detection of 12% singlestrandedness in DNA (23) . The foregoing, together with all the observations of this study, indicates that we were dealing with a specific fraction of chromosomal DNA which behaves as bound to protein(s), most probably located in the cell membrane. This fraction could be in a single-stranded form or double-stranded but destabilized and visualized as single-stranded because of breakage, or simultaneous denaturation and breakage, of DNA during isolation from the cellular complex. In the case of incomplete dissociation of the complex, this particular fraction of DNA could be lost during phenol treatment, and this could explain why the 560C lysate contained a lower amount of single-stranded DNA (Table 3) which did not increase after heating at 700C in the presence of fresh cellular lysate.
One of our results indicates denaturation of DNA during isolation, viz., a decrease in the amount of the single-stranded fraction when 4 M NaCl was used in place of 0.15 M NaCl during heating of the cell lysate at 700C (Table 3) . However, this could also be due to subsequent phenol treatment because of poor dissociation from membrane components under conditions of enhancement of hydrophobic interactions by high salt.
The results presented here and previously (23) do not clarify the discrepancies between results of other investigators (see above). Most probably, they reflect differences between so-called native DNA investigated in vitro and chromosomal DNA functioning in vivo. Nonetheless, they do indicate some specific structure of the region about the origin and are consistent with the widely held assumption that the organization of this region is unique and different from other regions of the chromosome. This is further supported by the recent report of Ogasawara et al. (18) that novobiocin, a selective inhibitor of DNA gyrase, inhibits replication of almost the entire chromosome, with the exception only of the origin region.
Finally, it has been suggested that the foregoing results are interpretable on the assumption that our B. subtilis strain harbors a phage containing single-stranded DNA similar to phage fl of E. coli and this it is this DNA which is isolated in our extraction procedure. However, our measurement showed that the amount of DNase-resistant, trichloroacetic acid-precipitable radioactivity in the supernatant is at least 10-fold lower than that expected on the assumption of the existence of a hypothetical phage and about sevenfold lower than that in the singlestranded fraction found in the DNA extracted from the cells. We are consequently justified in concluding that the single-stranded fractions examined in this study are of bacterial origin.
